1. Introduction {#s0005}
===============

Studies have found that consumption of products-containing caffeine such as coffee is widespread in United States and varies according to multiple factors ([@b0205]). There has been a huge increase in the manufacturing of these products. Caffeine is the major active ingredient in coffee, tea, hot chocolate, and other beverages. Recent evidence demonstrates that caffeine addiction is becoming popular worldwide \[For review see ([@b0235]). It is known that both chronic and acute exposure to caffeine impairs the central nervous system (CNS), at least in part, by modulating neuronal pathways ([@b0250], [@b0035]). Caffeine, at non-toxic doses, exerts neuropharmmacological actions through blocking adenosine A receptors in the brain. This effect led to blockade of adenosine kinase decreasing the release of adenosine ([@b0090]). More importantly, adenosine A2 receptor is linked to dopaminergic transmission and receptors, which indicate that caffeine can affect the symptoms of neurological disorders caused by dysregulated dopaminergic system. Recent studies have focused on the effects of chronic caffeine exposure and have indicated that chronic caffeine exposure affects the CNS and its molecular pathways, including neurotransmitters systems ([@b0210], [@b0230], [@b0165], [@b0260], [@b0120], [@b0160]). In this article, we review the effects of caffeine on the dopaminergic, glutamatergic, and GABAergic systems. We discuss whether there is a link between modulating these neurotransmitters and the development/attenuation of neuropsychiatric and neurological disorders in animal models exposed to caffeine. A review discussed the beneficial effects of caffeine on symptoms of Alzheimer\'s disease and attention deficit hyperactivity disorder (ADHD) and these effects might be mediated by blocking adenosine A2 receptor, localized in synaptic neurons ([@b0060]). The review also discussed that the caffeine-blocked adenosine A2 receptor could affect glutamatergic transmission and receptors plasticity.

1.1. Caffeine and neurotransmitters {#s0010}
-----------------------------------

Caffeine exposure has been reported to induce changes in dopaminergic systems in humans and animals ([@b0345], [@b0330], [@b0230], [@b0210], [@b0265], [@b0365], [@b0095]). These effects may be mediated by modulation of adenosine A receptors ([@b0230]). It has been reported that caffeine attenuated certain neurological diseases through modulating dopaminergic pathways ([@b0365], [@b0265]). In addition, caffeine induces protection effects against dopaminergic neuronal loss ([@b0230]), suggesting that caffeine may have therapeutic activity against neurodegenerative diseases, including Parkinson's disease. Moreover, caffeine has also shown the ability to modulate the glutamatergic system in different brain regions ([@b0330], [@b0165], [@b0260], [@b0350]). Prior reports have found that caffeine exposure increases glutamate concentrations ([@b0165], [@b0330]) and modulates glutamatergic receptors and transporters ([@b0070], [@b0350]). These effects of caffeine exposure on glutamatergic systems may explain the development of neurological diseases that involve dysregulated glutamatergic signaling. Caffeine has also been found to induce various effects on GABAergic systems, including GABAergic receptors ([@b0085], [@b0120], [@b0160], [@b0215], [@b0305]).

1.2. Caffeine and neurobehavioral effects {#s0015}
-----------------------------------------

Caffeine induces neuroprotective effects through attenuating dopaminergic neuronal loss ([@b0230]). This effect may result in positive responses against neurodegenerative diseases such as Parkinson's disease. It is important to note that the disruption of blood brain barrier integrity was inhibited by caffeine treatments in animal models of Parkinson's and Alzheimer's diseases ([@b0050]). Importantly, a study reported dysfunction in memory and mood as well as alterations in synaptic plasticity in mice exposed to chronic (3 weeks) unpredictable stress (CUS) and that caffeine drinking (1 g/L), starting 3 weeks before and during CUS could inhibit these alterations ([@b0185]). In addition, ADHD or depressive-like behaviors were improved following treatments with caffeine ([@b0265], [@b0210], [@b0365]). Improvements in these neurobehavioral disorders could be attributed to the modulatory effects of caffeine on dopaminergic system. Caffeine can also modulate the GABAergic activity ([@b0160], [@b0370]). Since GABAergic system is dysregulated in animals with epilepsy, caffeine can be involved in other neurological diseases such as epileptic disorders.

Less is known about the relationship between neurotransmitters and neurobehavioral effects after exposure to caffeine. The neurological mechanisms, focusing on neurotransmitters, underlying the beneficial effects of caffeine on memory, mood and cognition could provide pharmacological therapies against certain neurological diseases. In this review article, we discuss associations between the modulatory effects of caffeine on neurotransmitters and the attenuation/development of neurological diseases in clinical and preclinical studies.

2. Effects of caffeine on dopaminergic systems {#s0020}
==============================================

2.1. Effects of caffeine on dopaminergic neurons and dopamine concentrations as well as dopamine receptors and transporters {#s0025}
---------------------------------------------------------------------------------------------------------------------------

Several studies have found that exposure to caffeine modulates dopaminergic systems ([@b0345], [@b0330], [@b0230], [@b0210], [@b0265], [@b0365]). A previous study reported that caffeine can induce marked changes in certain behaviors, including high level of alertness and poor sleep, in humans ([@b0345]). This effect was associated with an increase in the availability of dopamine receptors 2/3 in the left and right striatum ([@b0345]). This finding indicates that dopaminergic receptor activity is highly sensitive to caffeine. However, another study found that there were no significant changes in the levels of dopamine receptor 1 or 2 in the striatum of male Swiss strain mice after chronic exposure to caffeine ([@b0325]). Caffeine has also been shown to affect dopamine metabolism in some brain regions but did not induce stimulatory effects on dopaminergic receptors in rats ([@b0360]).

With regard to dopaminergic neurons and dopamine concentrations, it has been shown, using a microdialysis technique, that caffeine exposure elevates extracellular concentrations of dopamine and glutamate in the nucleus accumbens shell in male Sprague Dawley rats ([@b0330]). This study showed that these alterations in glutamate and dopamine concentrations were inhibited following administration of an adenosine A1 receptor antagonist. These findings indicate that caffeine may modulate dopamine and glutamate release through blocking adenosine A1 receptors. Caffeine has also been found to exhibit protective effects in dopaminergic neurons in *Caenorhabditis elegans* ([@b0230]). This study discussed that this protection may be occurring due to the modulatory effects of caffeine on the interaction between adenosine and dopamine-2 receptors. These findings suggest that caffeine may attenuate the loss of dopaminergic neurons in neurodegenerative diseases such as Parkinson disease.

2.2. Caffeine modulates neurobehavioral effects through acting on dopaminergic system {#s0030}
-------------------------------------------------------------------------------------

Chronic caffeine treatments has been reported to modulate dopaminergic transporters in animal models ([@b0265]). For instance, caffeine administration (2 mg/kg twice a day for 21 days) normalizes the function of dopaminergic transporters in frontocortical areas in animal models of ADHD ([@b0265]). This study reported that there are improvements in neurobehaviors such as cognitive dysfunction and attention in Wistar Kyoto rats. This indicates that caffeine may attenuate the symptoms of neurodevelopmental disorders such as ADHD through modulating dopaminergic transporters. In parallel to this, a recent review discussed the potential therapeutic effects of caffeine in attenuating major depressive disorder through reversing anergia induced by dopaminergic depletion or antagonism \[For review see ([@b0210])\]. It is important to note that an adenosine A2 antagonist showed ability to attenuate depression-like behaviors in an outbred CD1 mouse model ([@b0365]). This study reported that these effects were abolished following treatments with haloperidol, a dopamine-2 receptor antagonist. These findings highlight the importance of modulating dopaminergic signaling in attenuating neurological diseases in animals exposed to caffeine. In humans and animals, dopamine plays a critical role in behavioral effects of caffeine \[for review see ([@b0095])\].

Taken together, it appears that caffeine induces neuroprotection and attenuates neurological diseases in animal models. These positive effects might be due to the ability of caffeine to combat the loss of dopaminergic neurons. However, less is known about the effects of caffeine on extracellular dopamine concentrations as well as the expression of dopaminergic receptors and transporters in animal models of neurodevelopmental disorders. Accordingly, targeting dopaminergic pathways using caffeine may elicit positive effects, and will further improve neuropharmacological research.

3. Effects of caffeine on glutamatergic systems {#s0035}
===============================================

3.1. Effects of caffeine on glutamatergic neurons and glutamate concentrations as well as glutamate receptors and transporters {#s0040}
------------------------------------------------------------------------------------------------------------------------------

Caffeine increases extracellular glutamate concentrations in the nucleus accumbens shell of male Sprague Dawley rats in part by blocking adenosine A1 receptor ([@b0330]). Moreover, caffeine has been shown to increase the concentration of glutamate in the posterior hypothalamus of adult male Sprague-Dawley rats ([@b0165]). These effects were confirmed by a separate study that found that caffeine at both low and high doses increased the concentration of glutamate in the brain of Wistar rats ([@b0260]). These observations indicate that caffeine induces glutamate excitotoxicity in the brain. Future studies should explore mechanisms by which caffeine exposure causes an elevation in extracellular glutamate concentrations.

These findings have raised questions about the effects of caffeine on glutamate release and/or uptake. It is noteworthy to mention that chronic exposure to alcohol, nicotine, and cocaine decreases the expression of proteins, such as glutamate transporter 1, that uptake the majority of glutamate from synapses into astrocytes ([@b0115], [@b0140], [@b0010], [@b0065], [@b0015], [@b0135], [@b0130], [@b0125], [@b0020]). For example, chronic exposure to alcohol reduced the expression of glutamate transporter 1 in the nucleus accumbens, an effect associated with a marked increase in the extracellular glutamate concentration ([@b0065]). This increase in the extracellular glutamate concentrations might be involved in the development of alcohol addiction. It is important to note that a single dose of caffeine (200 or 500 μM) can modulate the uptake of glutamate/aspartate transporters in rat retina, which is mediated by blocking adenosine A2 receptor (De [@b0070]). Little is known about the effects of chronic exposure to caffeine on protein and gene expression of glutamate transporter 1 in the central reward brain regions involved in the development of drug addiction. Investigating the effects of chronic caffeine exposure will provide important information on whether astroglial glutamate transporters might be involved in the development of caffeine addiction. Studies have shown that upregulation of astroglial glutamate transporters in the mesocorticolimbic system can decrease alcohol and nicotine seeking behaviors ([@b0320], [@b0295], [@b0310], [@b0300], [@b0315], [@b0005]).

Additionally, caffeine has been found to reverse the reduction of postsynaptic current amplitude in neocortical neurons using whole-cell patch-clamp techniques ([@b0350]). This study also found that caffeine reversed the increase of excitatory postsynaptic current frequency. It has been highlighted that these effects were occurred due to the ability of caffeine to block non-N-Methyl-D-aspartic acid receptor (NMDAR) ([@b0350]). However, low dose caffeine treatment inhibited amnesia and memory dysfunction induced by treatment with MK-801, a NMDAR antagonist, in male Wistar rats ([@b0075]). By contrast, a clinical study did not suggest an interaction between caffeine intake and a polymorphism of a NMDAR subunit, GRIN2A, in the risk of Parkinson\'s disease ([@b0190]). Interestingly, chronic caffeine consumption during the gestational period reduced the expression of metabotropic glutamate receptors (mGluRs) in the hearts of both fetal and maternal rats ([@b0155]). More research is necessary to study whether the downregulatory effects of chronic exposure to caffeine on mGluRs in hearts can be generalized into the brain.

A previous study found that chronic caffeine consumption could attenuate blast-induced memory deficit in part by reducing neuroinflammation and glutamate excitotoxicity ([@b0255]). Moreover, caffeine consumption was found to restore diabetes-induced memory dysfunction ([@b0080]). This study found that caffeine could also restore the loss of glutamatergic nerve terminals (vesicular glutamate transporters) in the hippocampus. The increase of hippocampal adenosine A2 receptor expression caused memory deficit in depression-prone mice, an effect associated with marked decrease in synaptic glutamatergic and GABAergic markers ([@b0225]). Accordingly, chronic caffeine intake reversed these effects possibly by blocking adenosine A2 receptor. These observations indicate that there is a possible interaction between caffeine and glutamatergic signaling. This interaction might be involved in the attenuation or development of neurobehavioral symptoms. Future work is required to provide more data regarding the effects of caffeine on modulating glutamatergic transporters and receptors in animal models of neurological diseases.

4. Effects of caffeine on GABAergic systems {#s0045}
===========================================

4.1. Effects of caffeine on GABAergic neurons and dopamine concentrations receptors and transporters {#s0050}
----------------------------------------------------------------------------------------------------

Several studies have found that caffeine interacts with GABAergic systems ([@b0160], [@b0215], [@b0240], [@b0370], [@b0120], [@b0305], [@b0085]). For example, it has been found that caffeine induces a transient suppression of inhibitory postsynaptic currents in GABAergic pathways in hippocampal CA1 pyramidal cells ([@b0160]). This effect was associated with metaplasticity, which was mediated through opening multiple channels in the plasma membrane ([@b0160]). These observations were further supported by a previous report that investigated the effects of caffeine on postsynaptic currents of GABAergic pathways in rat primary sensory neurons ([@b0370]). This study demonstrated that pretreatment with caffeine (10 μM) caused suppression of GABA receptor-mediated currents. This effect, caffeine-induced suppression of GABA receptor currents, was mainly mediated through phosphodiesterase pathways ([@b0370]). Suppression of inhibitory GABAergic signaling may lead to an enhancement of dopaminergic system activity. Alternatively, the release of GABA has been found to be potentiated by caffeine treatments (500 μM) in chick retina ([@b0085]). This effect was abolished by NNC-711, a GABA transporter 1 blocker and MK-801, an NMDA receptor antagonist ([@b0085]). The study suggested that the potentiating effect of caffeine on GABA release is mediated by blocking adenosine A1 receptor.

Regarding the pharmacokinetic properties of caffeine, a prior study found that nontolerant caffeine conditions decreased the activity of GABAergic systems in multiple brain regions, including the hypothalamus, cerebellum, corpus striatum, cerebral cortex, pons, and medulla ([@b0240]). Interestingly, the reduction in GABAergic activity was normalized under conditions of caffeine tolerance, supporting the hypothesis that caffeine doses and duration of treatment play a role in modulating of GABAergic signaling ([@b0240]). Therefore, optimizing the dose and duration of exposure of caffeine has the potential to modulate the activity of the GABAergic system. Additionally, the effect of caffeine consumption on the levels of GABA in three high school adolescents has been investigated in a previous clinical study ([@b0120]). This clinical study used magnetic resonance spectroscopy techniques and found that the ratio of GABA/creatine was reduced in the anterior cingulate cortex after caffeine consumption ([@b0120]).

Caffeine can also modulate GABAergic receptors ([@b0215], [@b0305]). It has been suggested that chloride transport through GABA~A~ receptors is altered with exposure to caffeine ([@b0215]). This effect was associated with increased t-butylbicyclophosphorothionate sites in unwashed membrane in *ex-vivo* experiments ([@b0215]). It is important to consider that GABA/benzodiazepine receptor sites have been found to be reduced significantly following chronic exposure to caffeine ([@b0305]). This study concluded that the downregulatory effects of caffeine on GABA receptors is mediated by adenosine receptors. It is important to note that the pathophysiology of certain neurological disorders, such as sleep disorders and epilepsy, involve dysregulated GABAergic signaling indicating that studies are warranted to explore the effects of caffeine on sleep disorders in respect to GABAergic activity.

5. Potential therapeutic effects of caffeine against neurological diseases through modulating neurotransmitter systems {#s0055}
======================================================================================================================

In this section, we review whether the modulatory effects of caffeine on neurotransmitters can attenuate symptoms of some diseases such as depression and ADHD ([@b0265], [@b0175], [@b0055]). For example, it has been found that there are marked improvements in behavioral responses in a rat model of ADHD following exposure to caffeine ([@b0265]). This study found that caffeine modulated dopaminergic transporters in frontocorticostriatal brain regions and improved cognition and attention in spontaneously hypertensive rats (ADHD animal model). A prior study also reported that a chronic treatment with caffeine induced anxiolytic and antidepressant activities assessed by elevated plus maze and forced swim assays in rats ([@b0270]). These improved behavioral responses were associated with increased dopamine levels in the hippocampus ([@b0270]). Wakefulness has been found to be enhanced after exposure to caffeine in *Drosophila*, an effect mediated through dopaminergic pathways ([@b0245]). Together, caffeine may have therapeutic efficacy for attenuating the progression of ADHD or depression through acting on dopaminergic pathways.

Moreover, it has been suggested that caffeine treatments protect against MPTP-induced disruption of the blood brain barrier in a Parkinson's disease mouse model ([@b0055]). This study found that caffeine could rescue MPTP-decreased tyrosine hydroxylase numbers in dopaminergic neurons of mice. The protective effect of caffeine against dysfunction of blood brain barrier integrity is in agreement with a another report showing that caffeine exhibited neuroprotective effects against disruption of the blood brain barrier in animal models of Parkinson's and Alzheimer's diseases ([@b0050]). We conclude here that the protective effects of caffeine on dopaminergic neurons is associated with an improvement in blood brain barrier integrity in neurodegenerative models.

Importantly, caffeine and nicotine co-administration could improve impairments in learning and memory in rats models of Alzheimer's disease ([@b0025]). Neurodegeneration was also prevented in the striatum and hippocampus ([@b0025]), suggesting an involvement of dopaminergic neurons on the ability of caffeine to induce neuroprotective effects against neuronal degeneration. Additionally, dopamine neurotoxicity was attenuated by treatments with caffeine in animal models of Parkinson's disease ([@b0175]). This effect was mediated mainly by the inhibitory effects of caffeine on adenosine A receptors ([@b0175]). Moreover, a review article has also discussed the promising therapeutic effects of caffeine against Parkinson's disease ([@b0280]).

In regard to glutamatergic and GABAergic neurons, pretreatment with caffeine exhibited an ability to improve the motor function in a rats treated with MPTP ([@b0030]). These improvements in neurobehavioral responses were mediated by caffeine-induced protection effects on GABAergic and glutamatergic neurons ([@b0030]). Moreover, caffeine treatments have also been reported to induce sleep disturbances, in part by downregulating GABA~A~ receptors in the mouse hypothalamus ([@b0195]). NMDAR antagonists and glutamate antagonists did not affect the hyperlocomotion activity induced by caffeine, suggesting that caffeine increased locomotion activity through acting on other neurotransmitters systems such as dopaminergic pathways ([@b0285], [@b0290]).

6. Potential clinical uses of caffeine {#s0060}
======================================

In addition to preclinical studies, clinical findings showed promising effects of caffeine against neurological diseases ([@b0220], [@b0170], [@b0145], [@b0040]). The risk of depression, for example, was reduced with increasing caffeine consumption in women ([@b0220]). This study reported lower relative risk of depression in women consume more than 4 cups/day compared to those who consume 2--3 cups/day. Moreover, another study investigated the effects of caffeine on ADHD symptoms, including impulsivity and attention in children ([@b0170]). After consumption of caffeine, continuous performance task and cognition were improved in children with ADHD ([@b0170]). Importantly, studies showed that moderate consumption of caffeine (less than 6cups/day) exhibited ability to attenuate cognitive failure, suicide and symptoms of major depressive disorder while high doses of caffeine may lead to psychosis and anxiety ([@b0200]). Studies also reported that caffeine was able improve the alertness and performance in attention and memory-based tasks ([@b0145]). Using post-study caffeine administration, memory consolidation has been found to be improved in humans ([@b0040]). These positive effects were observed in habitual caffeine consumers and non-consumers. These findings indicate that there is a possible role of dopaminergic system, since it is involved in these disorders, in attenuating these conditions in caffeine-exposed humans. More pharmacological research should further explore the role of dopaminergic system in caffeine-attenuated ADHD or depression symptoms in humans.

At high doses, caffeine-sensitive individuals develop caffeinism, which is characterized by insomnia agitation, excitement, nervousness and other symptoms ([@b0105]). Consuming high amount of caffeine resulted in psychosis and psychotic-like symptoms ([@b0150], [@b0110]). Moreover, a case report showed that exposure to a low dose of caffeine was able to exacerbate symptoms of psychosis in a schizophrenic patient ([@b0275]). In addition, it has been concluded that patients with generalized anxiety disorder were sensitive to caffeine ([@b0045]). Accordingly, it has been suggested that caffeine intake should be monitored carefully in patients with neuropsychiatric disorders ([@b0355]). Taken together, caffeine at low to moderate doses might have pharmacotherapeutic properties against certain neurological diseases such as ADHD and major depressive disorder in human. However, consumption large amount of caffeine may induce psychosis anxiety and other central nervous system side effects. These dose responses of the behavioral effects of caffeine has been discussed in a previous clinical study ([@b0060]).

7. Caffeine induces neurotoxicity effects {#s0065}
=========================================

In addition to the beneficial effects, exposure to high dose of caffeine can lead to neurotoxicity ([@b0100], [@b0180]). Neurotoxicity has been observed in cerebellar granular cell isolated from rat pups ([@b0100]). This study found that this effect was abolished following pre-treatment (45 min prior to caffeine treatment) with nimodipine, a calcium channel blocker. The study concluded that newborn apneas due to neurotoxicity, which is induced by high dose of caffeine, could be prevented by nimodipine ([@b0100]). Another study found that intraperitoneal administration of caffeine, at dose of 50 mg/kg 3 times daily, induced marked neuronal death in different brain regions in neonatal rats ([@b0180]). This study also investigated the effect of caffeine exposure through *in vitro* assay using in murine cortical cell. *Kang et al.,* study reported significant neurotoxicological effects in murine cortical cell exposed to more than 300 μM of caffeine. The authors reported that these neurotoxicity effects of caffeine using *in vivo* and *in vitro* experiments could be occurred through activation of pro-apoptotic protease caspase-3 pathway ([@b0180]). Together, caffeine at high doses may induce neuronal death through modulating various pathways.

Additionally, acute caffeine exposure has been found to increase the risk of development of seizures or epilepsy due to development of neurotoxicity ([@b0375], [@b0340]). For instance, theophylline at lower doses showed ability to produce seizures following acute caffeine exposure as compared to rats received theophylline alone ([@b0375]). It is important to note that a recent systematic review found that caffeine can increase or decrease the susceptibility of seizures depending on several factors, including the dose, duration of treatment (acute or chronic) and the time at which caffeine treatments start ([@b0335]). For example, long term exposure to a low dose of caffeine was associated with low seizures susceptibility in young and adult pre-clinical models. However, clinical studies showed that preterm infants exhibited high incidence of seizures with high doses of caffeine ([@b0340]). The potency of antiepileptic drugs was reduced in animals exposed to caffeine indicating the potential interaction between caffeine and antiepileptic drugs ([@b0335]). These findings provide evidence about the ability of caffeine to produce positive and negative effects on the brain based on different factors.

8. Conclusion {#s0070}
=============

Caffeine, which is present in many products, modulates neurotransmitter systems in mesocorticolimbic brain regions. Studies have found that caffeine induces positive effects in animal models of certain neurological diseases, in part by modulating dopaminergic signaling. These results are further supported by previous findings demonstrating that neurobehavioral reactions are improved in animals exposed to caffeine, an improvement mediated by modulation of dopaminergic pathways. Caffeine can also affect the activity of glutamatergic and GABAergic neurons, which may lead to improved neurobehavioral disorders. However, the role of glutamatergic signaling in the development of caffeine dependence needs further investigation. Based on this knowledge, caffeine treatments can be developed and tested for effectiveness against certain neurological and neuropsychiatric diseases. However, these pharmacological studies should consider that exposure to overdose of caffeine may induce neurotoxicity and negative neurobehavioral effects. Moreover, caffeine, at high doses, induces undesirable health responses on other systems, including cardiovascular, skeletal and muscular systems.
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